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The presence of excessive amounts of surface states in the bandgap of InP and 
GaAs has impeded the high performance expected of the devices fabricated from these 
semiconductors. These surface states can be reduced by sulfide passivation of the 
respective surfaces, leading to improvement of the electrical properties of, for example, 
metal-insulator-semiconductor (MIS) diodes made ofInP and GaAs. The formation of 
(1 X 1) sulfide-terminated InP and GaAs surfaces are considered to be the important 
factor for the reduction of surface states. It is expected that a treatment that can result 
in an ordered (1 x 1) surface should also give a surface with good electrical properties. 
The present study aims at investigating the structural and chemical changes induced by 
the annealing oflnP and GaAs that have been treated with gas-phase polysulfide, using 
in-situ X-ray photoelectron spectroscopy (XPS), low energy electron diffraction 
(LEED) and thermal desorption. For InP(100), sulfide-assisted reordering was evident 
from the sharpening of the original (1 x 1) LEED pattem after the surface was exposed 
to gas-phase polysulfide and subsequently annealed. It was proposed that the 
annealing of the disordered polysulfide-passivated surface at 400�C induced the 
rearrangement of the surface atoms into an ordered S-In terminated region. On the 
other hand, no LEED pattem was observed from a clean GaAs(100) surface regardless 
of annealing temperatures; whereas a (1 x 1) LEED pattem was observed from a 
polysulfide-treated surface at a moderate annealing temperature of 200°C. On further 
annealing at 400°C, the surface As and S atoms desorbed, resulting in a Ga-S 
terminated region that gave a (2 x 1) LEED pattem. Finally, for the gas-phase 
polysulfide-passivated GaAs(l 10) surface, no LEED pattern was observed prior to 
V 
annealing and XPS indicated the presence of both Ga-S and As-S bonds. When the 
surface was annealed to 400�C, a sharp oblique LEED pattem started to emerge, 
which was accompanied by the desorption of As-S species. Further annealing of the 
sample to 600°C resulted in a complete removal of sulfide species from the surface and 
the appearance of a rectangular LEED pattem. LEED patterns were only observed on 
the polysulfide-treated semiconductor surfaces under appropriate annealing. However, 
no LEED pattem could be obtained from the HF-treated surfaces even after prolonged 
annealing. All the above results suggest that sulfides must have participated in the 
reordering of the InP and GaAs surfaces, by fixing the surface atoms in place via 
chemical bonds formation. Such processes gave the ordered surfaces and also 
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Chapter 1 
Background of the study 
1.1 Introduction 
Nowadays, silicon (Si) dominates the electronic device industry, although the 
use of III-V semiconductors such as indium phosphide (InP) and gallium arsenide 
(GaAs) is becoming increasingly popular. A comparison of the properties of InP and 
GaAs with those of Si (see Table 1.1 [l-3]) indicates that III-V compound 
semiconductors are recognized primarily for their merits in high electron mobility and 
the direct bandgap for light emission [4]. However, the high surface state density and 
the high surface recombination velocity of these materials have hampered the 
development of devices based on III-V compounds [5-9]. It is believed that these 
surface states are related to the low transconductance of metal-insulator-
semiconductor field-effect transistors (MISFETs), high surface recombination velocity 
on heterojunction bipolar transistors, leakage current from photodetectors, and 
degradation ofIII-V laser devices. 
During the last 20 years, there has been much interest in developing procedures 
for improving the surface properties of III-V semiconductors. Over the years，various 
techniques have been proposed, investigated, and in many cases discarded. As a result, 
at present there is no standard processing procedure, which has a simplicity 
comparable to thermal S iO2 passivation of Si, for producing a totally technologically 
acceptable surface on any III-V material [10]. 
Theories attempting to explain the origin of these surface states include: (a) the 
loss of the group III or group V elements on the semiconductor surfaces [6, 7，11], 
1 
Si inP GaAs 
Type Elemental Intermetallic Intermetallic 
Crystal Structure Diamond Zinc Blends Zinc Blends 
Lattice Constant (A) 5.43095 5.8686 5.6533 
~ B a n d g a p (eV) U 2 0 1 L42 
Band Type Indirect Direct Direct 
Electron Mobility F s ^ 4600 8500 
(cmVs- ' ) 
Hole Mobility 4 ^ FsO 400 
(cmVs- ' ) 
Density 2.328 4.787 532 
(gcm]) 
Electron Affinity (V) 4 ^ 43 4 ^ 
Table 1.1 Properties of Si, InP and GaAs at 300K. 
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(b) the damage to the surface crystalline structure during metal or dielectric 
depositions [12-14], (c) the presence of native oxides on the semiconductor surfaces 
[5, 15, 16] and (d) the reconstruction of the semiconductor surface [17]. Thus it is 
important to develop suitable techniques for treating the surface of the semiconductor, 
prior to subsequent processing, such that the surface states shift from the band gap into 
the valence and conduction bands. This can be accomplished by chemically passivating 
the semiconductor surface [18:. 
1.2 Surface passivation techniques 
Accordingly, a successful technique for the passivation of III-V semiconductor 
surfaces should be able to (a) reduce the surface states, (b) protect the surface from air 
oxidation and (c) retain surface stoichiometry during further processing. A variety of 
compounds have been used for the surface passivation, including compounds of sulfur 
[19-25], silicon [26-29], selenium [30-34], antimony [35], nitrogen [36], chlorine [37-
39] and iodine [40]�etc. Among the above, sulfide passivation of the semiconductor 
surfaces has been found to give the most promising results and is the most popular 
species for the surface treatment. 
1.2.1 Sulfide solution passivation 
In 1987, Sandroff et al. [19] illustrated an increase in current gain of a 
heterojunction bipolar transistor from 30 to 2000 after spin coating a thin film of 
Na2S*9H20 onto the GaAs surface. Since then, aqueous sulfide treatments of this 
surface using OSfH4)2S [22], O^)2Sx [10], P2S5 [24], SeS2 [41]�Na2S [20] and Li2S 
3 
[20] have attracted considerable attention. These treatments have been found to 
reduce the surface recombination rate, enhance the photoluminescense (PL) intensity 
and yield greater sensitivities of Schottky barrier heights to metal work functions [42]. 
Motivated by these results, Iyer et al. [10, 43, 44] investigated a similar approach on 
InP and, in 1988, reported the reduction of surface states on InP by sulfide treatment. 
They showed that surface passivation with a hot solution of (^ NH4)2Sx improved the 
capacitance-voltage (C-F) curves of metal/SiO2/n-InP MIS diodes (minimum interface 
state density of 5 x lO^ c^m"^  eV^), and reduced the drain current drift of enhancement-
mode InP MISFETs to within 5% in 12 hours. Lile et al. [43] also performed 
treatments using ammonium sulfide [(NH4)2SxL sodium sulfide C^^S) and cuprous 
sulfide (Cu2S). The electrical characterization results indicated that the surface gap 
states on InP samples were reduced by the ammonium sulfide treatment. 
1.2.2 Gas-phase sulfide passivation 
In addition to various different sulfide solution treatments, gas-phase 
treatments of the GaAs and InP samples were also carried out by exposing the 
respective surfaces to H2S, H2Sn (l<n<2), SO2 [45], S vapour [44] and H2S plasma 
[47, 48]. Similarly, the gas-phase sulfide-passivated samples gave improvement in the 
electrical properties. Examples illustrating some of these improvements are given as 
follows. Kapila et al. reported that AVSiNxAnP capacitors, fabricated by depositing 
silicon nitride films on the H2S-treated InP, exhibited good C-V characteristics [49]. 
Afterwards, Lau et al. developed a gas-phase polysulfide treatment method which 
showed a strong surface type inversion during the annealing of the InP samples [50, 
51]. A reduction in interface state density of the AVSiNx> n^P MIS diodes with gas-
4 
phase polysulfide-passivated InP surface was also observed [52]. To conclude, sulfide 
passivations including gas- and solution-phase treatments can improve the electrical 
properties of the devices fabricated from the treated InP and GaAs surfaces. It was 
suggested that the improvement was due to the removal and prevention of native oxide 
formation on the sulfide-treated surface. 
1.3 Surface structure of suIfide-passivated surface 
It is generally accepted that the surface states are reduced after gas- or 
solution-phase sulfide passivation, although the reason for the improvement in the 
electrical properties is still unclear. In other words，the detailed reaction mechanisms 
and passivation mechanisms are controversial. It has been suggested that the extent of 
the reduction of surface states depends on the ordering of sulfide on the surface. 
Therefore, the structural information of suIfide-passivated III-V semiconductor 
surfaces have also been studied by many research groups. 
A theoretical study of the electronic structure of S-terminated GaAs surface 
was carried out by Ohno et al. [53, 54] and they found that the surface was more stable 
when S occupied a bridge site on either Ga- and As-terminated (001) surface. Calculations 
showed that the surface state density within the bandgap was reduced by the formation of 
S-Ga bonds on the surface. These bonds made the S-Ga bonding and antibonding states Ue 
outside the bandgap and eventuaUy reduce the surface states within the bandgap. On the 
other hand, different structural models had been presented to explain the suMde-treated 
surface structures according to their different experimental results. Many research groups 
[23, 55-60] reported that suMir-covered GaAs(100) surface revealed a 2 x 1 superstructure 
after anneaUng. Sandroflf et aL[55] presented a model which consists of S-S dimers on As-
5 
terminated surface. Berkovits et al. [56] suggested that the surface was terminated with S-
S and As-As dimer above Ga layer. Sugahara et a/.[57] proposed two possible models: S-
S dimer on bridge sites or simply S on a bridge sites with a missing row of Ga. Wang et al. 
[58] and Xia [59] proposed a model with S-Ga dimer on Ga layer. Despite a lack of 
agreement in the structural models, these experimental results indicate that the suMde-
passivated GaAs surface becomes As-deficient and yields a 2 x 1 reconstruction after 
anneaJQng. On the other hand, Lu et a/.[61] observed a 1 x 1 surface structure with 
bonding between Ga and S atoms after sulfide solution treatment and deionized water 
rinsing. A scanning tunneUing microscopy (STM) study of the S-terminated surface by 
Yokoi et al. [62] revealed a 1 x 1 lateral structure on GaAs(100) surface. 
For InP, Wilmsen et al. [63] analysed the sulfide-treated samples using Auger 
electron spectroscopy (AES) and XPS. They found a thin indium sulfide layer on the 
InP surface. They suggested that sulfide replaced phosphorus and filled the 
phosphorus vacancies, and that the treatment removed surface defects and formed an 
In2S3-InP heterojunction. Warren et al. determined the CNH4)2S-passivated InP(100)-
(1 X 1) surface by dynamical LEED analysis [18]. The sulfide-passivated InP(001) 
surface was studied theoretically using density functional methods and the structure 
with the lowest energy corresponded to a very striking (2 x 2) reconstruction with S-
atoms displaced from the bridge sites to form short and long dimers, giving rise to two 
distinct sublayers [64]. Tao et al. [65] and Lu et al. [66] reported the formation of an 
InP(001) (1 X 1) structure obtained simply by OSfH4)2Sx treatment of the sample 
surface without any annealing. Oigawa et al. [67] and Gallet et al [68] also reported a 
(1 X 1) to (2 X 1) surface reconstruction when the sample was annealed above 250�C. 
The thermal stability of sulfide-passivated InP(100) was studied by Anderson et al 
6 
[69] and the treated surface was shown to be thermally stable up to 730K, above 
which S removal and sample evaporation commenced, and eventually resulted in a (4 x 
2) reconstruction. For all the samples which had undergone sulfide solution 
treatments, only the In-S component was observed. The apparent absence of any P-S 
component is due to its high solubility in sulfide solution [65], and therefore the 
involvement ofP in the surface reaction cannot be ruled out. In fact, an XPS study by 
Lau et al. on the InP surface treated with a gaseous mixture of polysulfide and 
hydrogen sulfide indicated the presence of a weakly-adsorbed and a strong-adsorbed 
sulfide species. After annealing at 100-400�C, some of the weakly adsorbed sulfide 
desorbed and the remainder converted to the strongly adsorbed sulfide. In addition, 
the XPS P 2p peak was shown to consist of a P-S component, which initially increased 
in peak intensity with annealing at 200°C and disappeared after annealing at 300-400°C 
[50, 51]. These results confirm that P indeed plays a role in the surface reaction upon 
treatment with sulfide.. 
1.4 Objectives of the present study 
In order to correlate the ordering at the sulfide-treated surface with the 
improvement of the electrical properties, the surface structure of the sulfide-passivated 
surfaces should be investigated. Since gas-phase treatment is confined to adsorption 
with no involvement of dissolution / etching steps, the reaction mechanisms in both 
gas- and solution-phase treatment are completely different. However, in the past, the 
study of surface structure was mainly focused on the solution-treated surfaces. These 
solution-treated surfaces were reported to have disordered regions and high level of 
surface roughness. In order to create an ordered sulfide-treated surface structure, gas-
7 
phase polysulfide passivation is chosen for the surface treatment in the present study. 
The surface structures of the gas-phase polysulfide-passivated GaAs and InP surfaces 
were studied by XPS, LEED and thermal desorption. 
Many devices, solid-state laser for instance, comprise GaAs(110) surface as 
their active surface. The surface properties of the GaAs(110) surface can critically 
affect the performance of these devices [70, 71]. It has been reported that sulfide 
solution could be used to drastically reduce the surface oxides and recombination 
velocity of the cleaved GaAs(110) facets, and such treated laser devices would 
produce higher output power and last longer [9]. In order to investigate the effect of 
different types of sulfide passivation on the GaAs(110) surface, gas- and solution-





In the present study, the chemical and structural information on the gas-phase 
polysulfide-passivated surfaces were studied by x-ray photoelectron spectroscopy 
(XPS), low energy electron diffraction (LEED) and thermal desorption. In this 
chapter, the basic principles of XPS and LEED will be discussed. Also, the 
instrumentation of these techniques in our surface analyzing system will be mentioned. 
2.2 X-ray photoelectron spectroscopy (XPS) 
2.2.1 The development of XPS 
XPS was developed in mid-1960s by Kai Siegbahn and his research group at 
the University of Uppsala, Sweden. The technique was first known by the acronym 
• 
ESCA (Electron Spectroscopy for Chemical Analysis). In 1981, Siegbahn was 
awarded the Nobel Prize for Physics for his work on XPS [72]. 
2.2.2 Basic principle ofXPS 
The reader is referred to Briggs and Seah [73] for a detailed account ofXPS. 
In practice, XPS makes use of a physical phenomenon called x-ray induced 
photoemission. The photoemission process is shown on an energy level diagram in 




















































































































































































































































































































of binding energy ^B.E.) are ejected, where B.E. < hv. These electrons have a kinetic 
energy (K.E.) which can be measured by an electron-energy analyzer, and is given by 
K.E. = hv - B.E. - 4),am (2.1) 
where 4>sam is the sample work function. For a sample that is grounded to the 
spectrometer, such as the case shown in Fig. 2.1, there will be a correction of ((j>sam -
s^pec) when the photoelectron from the sample surface enters the detector. Therefore, 
Eq. 2.1 is modified as 
K.E. = hv - B.E. - (|)sam + (cbsam " <frspec ) = hv - B.E. - (j>spec (2.2) 
where s^pec is the spectrometer work function. In order to eliminate the spectrometer 
work function, the binding energy of a stable element can be used as a reference. In 
this study, Au 4f7/2 at 84.0eV is used to calculate (j>spec and all the other B.E. are 
subtracted by this <tspec. As a result, the binding energies of the ejected electrons can be 
obtained. A typical XPS spectrum represents a plot of photoelectron intensity as a 
function ofbinding energy, as shown in Fig. 2.2 [74]. Since each element has a unique 
set ofbinding energies, XPS can be used to identify the elements present on the surface 
and determine their relative concentrations. Fig. 2.2 is a survey scan spectrum with 
large binding energy range, from 0 to 1 lOOeV, so that the presence of all elements on 
the surface can be observed. 
Furthermore, there are slight variations ofbinding energy, or chemical shift, of 
an element, the magnitudes of which depend on the chemical environment in which the 
element is situated. The shift due to chemical bonding arises from the differences in 
the chemical potential and polarizability of compounds. Thus if a region scan spectrum 
with small energy range and high spectral resolution is taken, these subtle differences 
can easily be detected. For example, a spectrum of S 2p region shown in Fig. 2.3 
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Fig. 2.2 The XPS survey spectrum o f a gas-phase 
polysulfide-passivated InP(100) surface. 
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Fig. 2.3 The XPS S 2p region of a gas-phase polysulifde-passivated InP(100) surface. 
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indicates two different components of sulfide, which can be ascribed to a strongly and 
a weakly adsorbed sulfide species respectively. The peak fitting was performed with 
computer software supplied by Kratos analytical system. In the fitting of In 3d，Ga 3d 
or As 3d peaks from sulfide-treated surface, those peaks from the annealed HF-etched 
InP or GaAs surface were used as the reference. The additional shoulders found in 
those peaks from sulfide-treated surface were assigned as the S-bonded components. 
In summary, both the elemental composition and the chemical information of the 
surface being studied can be obtained by XPS. 
2.2.3 Quantitative analysis of XPS 
2.2.3.1 Atomic concentration of a homogeneous material 
The photoelectron intensity, U, of element A in a homogeneous material can be 
described by 
00 
lA = j p D CA TA aA exp(. "^ , ) dz, (2.4) 
Q AA, M COSU 
where P is the X-ray photon intensity, D is the geometrical factor of electrons ejecting 
in the direction of the detector, CA is the atomic concentration of element A in the 
material, TA is the spectrometer transmission function for the kinetic energy of the 
photoelectrons from the specific core level of element A, a is the atomic 
photoionization cross section, \p^ is the inelastic mean-free path (DVDFP) of the 
photoelectrons from a specific core level of element A passing through the sample 
material M，0 is the polar angle which is defined as the angle between the sample 
normal and the direction of the photoelectron detector, and z is the depth 
perpendicular to the sample surface. 
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Since the x-ray photon intensity (P) is a constant, the intensity ratio of a 
homogeneous system containing elements A and B is then given by 
Lv CA TA CA X,A, M ,内产、 
——= (2.5) 
Ie Cs Te as Xe, M 
As a result, the atomic concentration ratio can be calculated if the spectrometer 
transmission function, the atomic photoemission cross sections and the EVff"Ps are 
known. The spectrometer transmission function is dependent on the instrument and 
can be obtained by various methods [75-77]. The atomic photoemission cross sections 
a were tabulated by Scofield [78]. The values of EMFPs can be calculated by the 
equations (TPP-2) suggested by Tanuma et a/.[79-82] The calculated IMFPs for the 
elements and materials used in the present study (with Mg Ka as the excitation source) 
are shown in Table 2.1. 
2.2.3.2 Layer structure 
For a sample that consists of a uniform overlayer of thickness d spread over a 
substrate, the photoelectron intensity of a specific core level of element i from the 
overlayer is given by 
Ii,ovriyr= ^ PDciTiGiexp("~~^^~^)dz， (2.6) 
Q Ai’ ovrlyr COSU 
where d is the thickness of the overlayer, Cj is that atomic concentration of element i in 
the overlayer, Ti is the spectrometer transmission for the kinetic energy of the 
photoelectrons from the specific core level of element i, and A,i,ovriyr is the JMFP of the 
photoelectrons passing through the overlayer. 
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——~—— --^^^--^^^g^^gg^=g^=g^=g= =^=^==^^^^=^^=^^^^= I 
Materials 
Core level InP GaAs Sulfide layer Surface carbon and 
electrons oxygen 
_^^^__>*>^^»^^___>—»*_ ^^_^^^_^^^__^ ^^^^______^^_ _^^^_^______^_^_ 555^^5^^^^^^^S52S;=^==^=^= 
In 3d 5/2 ~ 1 9 . 3 A ” - 17.lA 16.0A 
i P ^ 24.8A - 22.lA 20.7A 
S ^ - - 21.6A -
S ^ - : 20.6A -
Ga3d : 25.9A 23.SA 22.3A 
As3d - 25.5A 23.5A 22.0A 
C l s a n d O l s - - - 14.6A 
Table 2.1 EMFP values calculated by TPP-2 equations. A Mg Ka x-ray source 
was used for the calculation of the kinetic energy of the 
photoelectrons. 
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On the other hand, when the photoelectrons of element j in the substrate 
traverse the overIayer, the corresponding photoelectron intensity is given by 
00 , 
-d - z 
Ij,sub = p D Cj Tj Gj exp(- - ; ^ ) e x p ( - ―； ^ ) dz, (2.7) 
0 Aj. ovrlyr C O S 6 Aj,sub C O S 6 
where cj is that atomic concentration of element j in the substrate, Tj is the 
spectrometer transmission for the kinetic energy of the photoelectrons from the 
specific core level of element j. X,j,sub and Xj,ovriyr are the MFPs of the photoelectrons 
passing through the substrate and overlayer from the specific core level of elementj. 
Eqs. 2.6 and 2.7 can be solved to give the ratio of photoelectron intensity of an 
overlayer element to that of a substrate element and the overlayer thickness(d) can then 
be estimated by equation Eq. (2.8). 
/ \ 
( d 1 
1 -exp 
^ i . o v r l y r _ ^  丁丨'0- ^i,ovriyr V ^ i , o v r l y r COS^ 」 (之 ^ ^ 
Ij,sub Cj T j , C j A,j,sub d 
exp 
V ^j.ovrlyr C O S 0 j 
2.2,3.3 Simulation of XPS atomic concentration ratios from 
proposed surface structural models 
A simple qualitative check on the validity of any proposed surface structural 
model involves the comparison of the experimental XPS data on atomic concentration 
ratios with those obtained from a simulation based on the proposed structure. In this 
regard, 200 GaAs or InP atomic layer slabs were used to represent the surface regions 
of the respective samples. As usual, the XPS intensities from each layer are attenuated 
by the layers above. Take GaAs(100) layers as an example, the simulated model is 
shown in Table 2.2. 
17 
Layer Analyzing Relative Conc. Relative Conc. XPS intensity XPS intensity 
i depth of Ga atoms in of As atoms in of Ga from of As from 
(xi) the layer the layer each single each single 
(Coai) (CAsi) layer (Ioai) layer (Ui) 
1 0 X i y i I c a l l A s l 
2 d X2 • y2 Ioa2 lAs2 
3 2d i 0~ Ioa3 lAs3 
4 3 d ^ 1 Ioa4 lAs4 
5 4 d i 0 T ^ lAs5 
n (n-l)d Xn Yn Ioan !Asn 
" " " ^ 199d 0 1 Ica200 lAs200 
Table 2.2 The model showing the simulation ofXPS atomic concentration ratios 
ofGaAs(100) layers. 
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For the model, Ioan= exp [-(n-1 )dy^ Xoa] * Coan and 1^ ^ = exp [-(n-1 )d/XAs] *C^n ’ 
where Xoa and X^ are the MFPs of Ga 3d and As 3d electrons, respectively, from 
GaAs substrate. The values of xi, x2, yi and y2 are to be varied to generate simulated 
results which best match the experimental values. Therefore, the simulated XPS 
200 200 
concentration ratio of As 3d / Ga 3d is represented by X A^si 丨 2 Ioai，and the 
i = l i = l 
200 
simulated XPS concentration ratio of S 2s / Ga 3d is represented by Cs / X Ioai 
i=l 
,where Cs is the relative concentration of S atoms on the surface. 
The simulated XPS atomic concentration ratios, for examples S 2s / Ga 3d or 
As 3d / Ga 3d’ based on different surface models were compared with the experimental 
values. Since the values ofIMFPs of electrons from Ga 3d and As 3d levels are very 
close (Table 2.1), the accuracy of the simulated results is very high. On the other 
hand, for those of In 3d and P 2p, less accurate simulated results are expected owing 
to their vast difference in JMFV values (Table 2.1). 
2.2.4 XPS experiment 
The XPS analyses in this work were conducted in Kratos system equipped with 
Kratos' AXIS-HS XPS [83], a schematic diagram of which is shown in Fig. 2.4. The 
Kratos AXIS-HS XPS spectrometer is installed in the sample analysis chamber (SAC) 
which includes a 180° concentric hemispherical analyzer (CHA), an x-y-z sample 
manipulator and a dual mode x-ray gun that is able to provide either Mg Ka or A1 Ka 












































































































































































































































XPS analyses, the polar angle 0 was set at 0。，and the (110) edge of the samples were 
always placed in the same direction in the XPS chamber. 
The loadlock of the UHV system was pumped by a Balzers hydrocarbon-free 
turbomolecular pump and a diaphragm pump. A base pressure of 4 x 10"^ ^ Torr was 
generally achieved in the analyzing chamber with the use of an ionization pump. The 
cleanliness of the surface of the polysulfide-treated InP sample can be demonstrated by 
the survey spectrum shown in Fig. 2.2. 
Both the sample analysis and treatment chambers contain heating stages for the 
annealing of the treated samples. The temperature readings were obtained using a 
thermocouple that is in contact with the copper sample holder. A Balzers QMS 150 
quadrupole mass analyzer (QMA) (Fig. 2.4) in the sample treatment chamber (STC) 
was used for the detection of species desorbed from the sample. Finally, gold was 
deposited on the back side of the samples to ensure good thermal and electrical contact 
with the copper sample holder. 
2.3 Low Energy Electron Diffraction (LEED) 
2.3.1 The development of LEED 
The reader is referred to O'Connor [84] and Clarke [85] for a detailed account 
of the technique. LEED was discovered in 1927 by Davisson and Germer in the 
course of their studies of the secondary emissions of electrons from a nickel crystal 
when it was bombarded by a beam of monoenergetic electrons. Elsasser suggested 
that the observed anisotropy in the elastic scattering of electrons from nickel surfaces 
was due to diffraction. He used de Broglie relationship to derive an electron 
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wavelength from the momentum p and then related the electron's wavelength to the 
accelerating voltage V in the electron gun 
X + i f A (2.9) 
where V is in electron volts and V < lkeV. Thus, for an electron with a kinetic energy 
of 150eV the de Broglie wavelength is « 1 A, which is comparable to the spacing 
between rows of atoms in a crystal. Then Davission carried out a systematic study of 
the scattering of electrons from N i ( l l l ) and found that the maximum in the reflected 
intensity of the elastically scattered electrons at any angle 0 satisfied the plane grating 
formula 
nX = a sin9 (2.10) 
where a is the spacing between adjacent rows of atoms, X is given by the de Broglie 
relationship in Eq. 2.9 and n is an integer. At about the same time，Thomson found 
diffraction rings when high energy electrons were transmitted through thin metal films. 
He related the diameter of these rings to de Broglie's wavelength and therefore helped 
to demonstrate the wave nature of the electron. Davisson and Thomson shared the 
1931 Nobel Prize for Physics for the discovery of matter waves. Thus LEED had a 
momentous birth in the confirmation of de Broglie's hypothesis about the wave nature 
of matter. In 1934，Ehrenburg developed a fluorescent screen which enabled him to 
display a complete LEED pattem instantaneously. He showed that a typical LEED 
pattem is a two dimensional array of spots which arise from diffraction by a two 
dimensional layer or mesh of scattering centres. The LEED pattem therefore reflects 
the symmetry and structure of the two dimensional reciprocal lattice of the crystal 
surface. By 1960 ultrahigh vacuum technology was available and LEED had come of 
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age. During the 1960s the field developed rapidly and great advances were made in 
technique and theory. These days LEED is recognized as the major technique for 
surface structural studies on single crystals of metals and semiconductors. 
2.3.2 Basic principle ofLEED 
In principle the LEED experiment is very simple. A narrow beam of 
monoenergetic electrons with an energy between 0 to 500eV is directed onto a planar 
single-crystal surface as shown in Fig. 2.5. Low energy electrons are employed to 
ensure that the penetration depth of the electrons is small and only the top few layers 
of the solid surface are investigated. A number of diffracted beams of electrons with 
the same energy as the incident beam are produced in the backward direction and a 
diffraction pattem will be formed on the fluorescent screen. The spatial distribution of 
these beams and the variations of their respective angle and / or energy of the incident 
beam provide information for the determination of the surface structure. 
A brief account of the physics of the formation of a diffraction pattem is given 
here. A plane wave incident on an atom, or a set of atoms, described by a unit cell will 
be scattered in all directions, but interference between waves scattered from 
neighbouring unit cells will restrict the net flux to those directions in which the 
scattered waves from all the unit cells are in phase. This requires that the scattered 
waves from neighbouring cells differ only by an integral number of wavelengths X. If 
there is only one atom per unit cell, the arrangement of atomic scatterers is the same as 
the lattice itself. To simplify the discussion further, the scattering of a plane wave 
incident on a one-dimensional lattice at an angle of 90° with the surface is considered 
as shown in Fig. 2.5. 
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I^^^ ^^^J  
Incident energy 70 eV 
Diffracted electrons 
Incident electrons ^ ^ ^ ^ ^ ^ 
M . 
<——^——• 
Fig. 2.5 The formation of a dif&action pattem and 
the LEED pattem obtained in the present study. 
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The results can later be generalized to the two-dimensional case. The in-phase 
condition is met for all integers n which satisfy the condition 
a (sin e„ - sin 0o) = nA. (2.11) 
where a is the distance between two neighbouring scatterers and X is given by de 
Broglie equation (X = h / mv). This is commonly called the Laue condition. If the 
incident and emergent beams are described by unit vectors s�and Sn, then this can be 
written in vector form as 
a • (sn' - So) = n X (2.12) 
or a • A Sn = n X where A Sn= (Sn, - So) 
The diffracted beams are determined by A Sn and, in one-dimensional case, it is clear 
that they are given by integral multiples of the basic unit (X / a ). This involves the 
reciprocal of the real space lattice vector a. The reciprocal lattice vector a* can be 
defined as a* = (1 / a). 
In two dimensions, the real-space lattice is described by two lattice vectors ai 
and a2, and the corresponding reciprocal lattice can be constructed from basis vectors 
ai* and a2*, defined by the following relations: 
ai« ai* = a2® a2* = 1 (2.13) 
and 
ai • Si2* = ai *• a2 = 0 (2.14) 
The second relation requires that a2* be perpendicular to ai and ai* be perpendicular 
to a2. Any vector relating two reciprocal lattice points must take the form 
ghk = hai* + a^2* (2.15) 
where h and k are integers. 
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Diffraction from the two-dimensional lattice must satisfy the two Laue 
conditions 
ai • As = hA (2.16) 
and 
a2 • As = kA (2.17) 
and these can be solved whenever 
As = Z (hai* + A:a2*) = X ghk (2.18) 
which may be verified by direct substitution into Eqs. 2.16 and 2.17. This means that 
there is a direct correspondence between the observed diffraction pattem and the 
reciprocal lattice of the surface. 
If ai and a2 in real space are separated by an angle a, and ai* is at %!2 to a2, 
then the angle between ai and its complementary reciprocal vector ai* must be (iz/2)-
a. By definition，ai • ai* = 1，therefore, from the definition of the dot product 
ai I • I ai* I • cos[(7c/2) - a] = 1 (2.19) 
so that 
ai I = 1/ I ai* I • sina (2.20) 
The angle between a , and a2*, a* = (n - a) and so 
sinot* = sina (2.21) 
Fig. 2.6 illustrates graphically how an oblique direct lattice can be transformed into its 
reciprocal lattice using the above equations. Hence, by referring to the observed 
LEED pattem on the fluorescent screen, the information of the reciprocal and then the 
real lattice on the surface can be obtained. 
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Fig. 2.6 The relationship between an oblique 
direct lattice and its reciprocal lattice. 
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2.3.3 LEED experiment 
The LEED experiments in this study were conducted with a Kratos system 
equipped with an Omicron Spectra-LEED [86], a schematic diagram of which is 
shown in Fig. 2.7. The LEED apparatus is housed in the STC and contains the 
following four essential components: 
2.3.3.1 The ultra high vacuum chamber (UHV) 
The UHV chamber must be capable of maintaining a vacuum so low in pressure 
that contamination of the sample remains negligible for the duration of the experiment. 
Also, the inelastic collision between diffracted electrons and gas molecules is negligible 
in this low pressure. The LEED experiments in this study were carried out under a 
base pressure of 4 xlO"^ ^ Torr. 
2.3.3.2 The electron gun 
In this laboratory, the electrons are generated by a lanthanum-hexaboride 
QLaBe) filament. The LaBe standard (crystal orientation <100〉，100|im diameter, 
truncated and work function 2.6eV) has good emission characteristics at low power 
inputs. During the operation, the filament current was switched to 1.40A and the 
corresponding emission current was between 300piA and 500|iiA. 
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Fig. 2.7 The schematic diagram shows the 
experimental setup of LEED analysis. 
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2.3.3.3 The sample 
Gold was deposited onto the back side of all the samples for the LEED 
experiments to ensure good electrical contact with the earthed copper sample holder. 
2.3.3.4 The detector system 
A four-grid detector system, as shown in Fig. 2.7，was used in this study. The 
screen is metallic in nature (to avoid charge build-up) and is coated with green 
fluorescent material. There are four grids placed in front of the screen. The sample 
and the grid nearest to the sample (Grid 1) are earthed to ensure that the diffracted 
beams travel in a field-free space. The second and third grids (Grids 2 and 3) are 
linked together to improve their energy-selection characteristics. They are maintained 
at a potential a few volts below the incident electron beam so as to screen off all those 
• 
inelastically diffracted electrons whose energies are a few volts less than that of the 
elastically diffracted electrons. The final grid (Grid 4) is earthed to isolate the potential 
of the energy-selection grids from the screen which is set at 4-5kV during the 
experiments. 
A CCD-black and-white video camera with manual iris lens is used to record 
the LEED picture through the viewport. The image is transmitted through the 
computer to the monitor and shown on the screen simultaneously. Fig. 2.5 shows one 




3.1 Semiconductor wafer 
The doping concentrations and the suppliers of the samples used in the study 
are listed in Table 3.1. Gold is deposited onto the back side of the samples to ensure 
good thermal and electrical contact with the copper sample holder. 
3.2 Cleaning procedure 
The cleaning procedure used in this study was developed by Ingrey [87] and 
Kwok [88]. As received wafers contains native oxides and organic compounds on the 
surface, the samples were first cleaned by acetone, methanol and deionized water to 
remove the grease on the surfaces. Afterwards, two cycles of UV/O3 - HF treatment 
were carried out to obtain a clean surface. In the first cycle, the sample was kept in 
pure O3 under a mercury UV lamp for half an hour to remove surface hydrocarbons 
and form an oxide layer on the InP or GaAs surface [89, 90]. Then，a 2-minute 
hydrofluoric acid (HF) solution (HF:H2O==l:3O v/v) was used to etch away the oxide 
layer [87]. This oxide layer consists of oxides from UV/O3 treatment and the original 
native oxide. Since the mixture of these two oxides has different oxide thickness on 
the surface, the HF etching results in a surface full of steps. Therefore, one more 
UV/O3 treatment is required to give a uniform oxide layer. The samples were then 
transferred to a nitrogen 0>½) glove box connected directly to the loadlock of the 
ultrahigh vacuum (UHV) system. Inside the N2 glove box, the samples were again 
etched by an HF solution (HF:H2O=l:3O v/v) for 2 minutes, and then blown dry by N2 
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Type Dopant Doping Supplier 
and concentration 
Face 
n undoped 5.6 xlO^^  cm"^  Crystacomm 
InP wafer (100) Inc. 
p Zn 5.0xioi6cm-3 Crystacomm 
(100) Inc. 
n Si 3.0xl0i8cm_3 American Xtal 
GaAs (100) Technology 
wafer 
p Zn 3.0 X lQi9 cm_3 American Xtal 
(100) Technology 
n Sl 1.0 xl0i7 cm-3 Atomet 
(110) Inc. 
p ~ Zn 1.0 X l0i7 cm'3 Atomet 
(110) Inc. 
Table 3.1. InP and GaAs wafers used in the present study. 
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without any rinsing with water. From the survey spectra of InP (Fig. 4.1) and GaAs 
^lg. 5.1), surfaces cleaned by the 2-cycle UV/O3 - HF treatment, no detectable XPS 
signals of carbon, oxygen or fluorine can be observed. The sensitivity limit of 
concentration of the XPS system is about 0.1% [73]. Therefore, in subsequent study, 
the above 2-cycle UV/O3-HF treatment with the use 0fN2 glove box (referred to as the 
UV/O3-HF treatment in the following sections) were used as a standard cleaning 
procedure to give a clean surface prior to any further treatment. 
3.3 Polysulfide passivation 
The role of polysulfides in the passivation of the InP surface was discussed by 
Iyer et al [10]. The electrical properties of the metal-insulator-semiconductor (MIS) 
devices fabricated from polysulfide-treated surfaces showed remarkable improvement 
when compared with those based on polysulfide-free treatments [10]. Recently, Lau et 
al. [50] observed with XPS that a strong type inversion occurred when a p-InP wafer, 
previously exposed to a mixture of hydrogen sulfide, hydrogen polysulfide and sulfide 
dioxide, was heated to 200°C - 300°C. This result implied that surface Fermi level 
pinning was released by the above treatment. In other words, there was a removal of 
the surface states in the surface bandgap after the above polysulfide passivation. 
However, no such strong type inversion was observed on the surfaces treated with 
other sulfides including H2S, SO2, S vapour, ^^^)28 vapour and O f^flU)2S solution. 
Kwok et al. [51] suggested that the chemical reactivity of the polysulfides might be 
more appropriate than those of H2S and S vapour towards the InP surface. In 
addition, in comparison to an p<rH4)2S solution treatment, the gas-phase treatment 
offers the advantages of uniformity and easy control of reactants [88]. From the above 
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considerations，the gas-phase polysulfide treatment was opted for the passivation of 
both the InP and GaAs surfaces. In both cases, the structures of the as-treated surface 
and those after annealing were investigated. 
The gas-phase polysulfide passivation procedure was as follows. A potassium 
polysulfide solution was prepared in a bubbler by adding 5g of K2Sx solid (Fluka) to 
300ml of deionized water. Dilute HF solution (HF:H2O=l:3O v/v) was added one 
drop at a time from a burette into the polysulfide solution until a sulfur precipitate just 
started to form. The pH of the solution was found to be about 8 to 9. At this pH 
value, hydrogen polysulfides were effectively generated from the solution with the 
exclusion of the conversion of the polysulfides into elemental sulfur precipitates which 
requires a lower pH of 7 to 8. At about the same time, the sample which had just 
undergone the second UV/O3 treatment was transferred into the N2 glove box and the 
whole box was purged with N2 for five minutes. The sample was cleaned by an HF 
solution ^iF:H2O=l:30 v/v) for 2 minutes and blown dry by N2 inside the box. The 
sample was then exposed to a gas mixture of hydrogen sulfide and hydrogen 
polysulfides which had been generated by bubbling N2, with flow rate at about 1000 
cc/minute, into the freshly prepared potassium polysulfide solution. In the set-up (Fig. 
3.1)，the solution particles generated from the bubbler were removed by a U-tube 
packed with glass wool. After a one-hour gas-phase polysulfide treatment, the sample 
was blown under flowing N2 and transferred into the UHV system directly under N2. 
In the following text, the above procedure will be referred to as the gas-phase 
polysulfide treatment. 
In order to compare the reaction mechanisms involved in the gas and solution-
phase sulfide passivation of GaAs(110) surface, two sulfide solution treatments [55, 
58，61]，differing only in solution temperatures, were carried out for the passivation. 
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Gas-phase polysulfide treatment 
1. uv/O3 
N, glove box {l ^ . 
3^. S-passivation 
N, 
T _ £ 1 
s ^ w i n H fciPK 
I I I • _ _ _ 
II n |i HF(l:30) T^"^-^ 
%J _^ ^ \ 
K’_Sx II • I P 1 = \ 
^ B • I A \ 
pH 8-9 TnP/GaAs sample I X \ 
Filter to exhaust Loadlock of 
(to remove U H V system 
liquid particles) 
Fig. 3.1 The apparatus of the gas-phase polysulfide exposure 
Sulfide solution treatment 
2 cycles ofUV/0, andHF 
^ y s s = f treated GaAs( 110) sample , T>^  j jr ^ 
0 ^ 7 / N, glove box C2 S.I. H’-� 
^ ^ , j ~ - n 
^ ^ ^ ¾ ^ (NH,),S solution at ^ 0 ^ 
^ ^ / ^ room temp, or 65"C D.T.H,0 ^ ^ < ^ ^ 7 
i L 
各 ^ T^ 
#" V ; ^ ^ ^ GaAs(110) sample | 
V "^^ ^ ^  to exhaust 
=^^ =^t^  Loadlock of , , , ,/- , , . UHV system 
Fig- 3.2 The procedure shows the sulfide solution treatment. 
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In one such treatment, after the sample was cleaned by the second HF etching and 
blown dry by N2, it was then immersed in an ammonium sulfide O^ JHOzS solution at 
65�C for 15 minutes. The sample was rinsed in deionized water for about 30 seconds 
in air. The sample was then rinsed in deionized water for about 30 seconds mofe and 
blown dry under flowing N2 inside the N2 glove box. Finally, the sample was 
transferred into the UHV system directly under N2 (Fig. 3.2). In the other treatment, 
exactly the same procedure was carried out, except that room-temperature fNH4)2S 
solution was used. The two treatments will be referred to as the heated sulfide 
solution and sulfide solution treatment, respectively. Finally, the sample which was 
only treated by the 2-cycle UV/O3 and HF (named as UV/O3-HF treatment) was also 




Gas-phase polysulfide passivation of the InP(100) surface 
4.1 Introduction 
The presence of excessive amounts of surface states in the band gap of InP has 
hampered the realization of the predicated high performance of the devices fabricated 
from these semiconductors. It has been reported that sulfide treatment on InP surface 
can reduce the surface states and improve the corresponding electrical properties. Iyer 
et al. [10，43，44] showed that sulfide passivation improved the C-V curves of 
metal/SiO2/n-InP MIS diodes (minimum interface state density of 5 x lC>n cm'^  e V ^ 
and reduced the drain current drift of enhancement-mode InP MISFETs to within 5% 
in 12 hours. Afterwards, Lau et aL [50, 51] developed a gas-phase polysulfide 
treatment method which also led to a reduction in interface state density of the 
AVSiNxAnP MLS diodes. XPS studies indicated the presence of one weakly adsorbed 
and one strongly adsorbed sulfide species on the gas-phase polysulfide-treated InP 
surface. After annealing at 100-400°C, some of the weakly adsorbed sulfide desorbed 
and the remainder converted to the strongly adsorbed sulfide. In addition, the XPS P 
2p peak was shown to consist of a P-S component, which initially increased in peak 
intensity with annealing at 200°C and disappeared after annealing at 300-400"C. Later 
Lu et al. [69] proposed a model describing the sulfur bonds on an InP(100) surface 
which was passivated by an ammonium sulfide solution. The InP crystal is terminated 
by an In(100) layer, on which each sulfur atom bridges two indium atoms in the [011] 
direction. Later, Kwok et aL [52] performed an angle-dependent x-ray absorption 
near-edge structure (XANES) analysis on the InP surface, which was treated with gas-
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phase polysulfide procedure, and with subsequent annealing. The angle dependence of 
the absorption peak intensities in the XANES spectra were more prominent than those 
of Lu et al., even for samples without annealing. On these samples receiving the 
polysulfide exposure without annealing, the presence of two sulfide components were 
confirmed with XPS. Thus, the structure of the gas-phase polysulfide-treated InP 
surface is definitely more complicated than the simple sulfur bridge model proposed by 
Lu et aL Although the detailed structure of such a surface is still unknown, the 
observed strong angle dependence of the XANES data clearly demonstrated the 
presence of a certain degree of surface ordering. In order to learn more about the 
surface structure of the gas-phase polysulfide-passivated InP surface, the present study 
aims to clarify the surface ordering and the reaction mechanism associated with such 
surface ordering changes. 
4.2 Sulf!de-assisted reordering at the InP(100) surface 
4.2.1 Gas-phase polysulfide-treated InP(100) surface 
The cleanliness of the gas-phase polysulfide-passivated InP surfaces is 
demonstrated by the survey spectrum shown in Fig. 4.1 [74]. An enhancement in the 
sharpness of the LEED pattem was obtained after the exposure to polysulfide with 
subsequent annealing. A diffused InP (1 x 1) LEED pattem was observed on InP that 
had undergone the UV/O3-HF treatment, which became sharper after an additional 
exposure to gas-phase polysulfide. Vacuum annealing of the polysulfide-treated InP 
surface gave a more ordered sulfide-passivated InP surface as suggested by a further 
sharpness improvement of the LEED pattem. The sharpest pattem was obtained after 
annealing at 400�C. Concurrent to the changes in LEED patterns upon annealing, the 
38 
. ^ I F l s 0 1s 
" “ ^ || C l s 
^^^^^^•^^^^^M^^^^^ 
L J _ i _ ^ ^ � 
T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I " > I " “ I I 
1000 800 600 400 200 0 
Binding Energy (eV) 
Fig. 4.1 The XPS survey spectrum of a gas-phase 
polysulfide-passivated InP(100) surface. 
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QMA detected (a) H, S, HS, and H2S peaks at 300�C，(b) H, P, S，HS, H2S, and P2 
peaks at 400�C，and (c) mainly P and P2 peaks with prolonged heating at 450�C which 
are shown in Fig. 4.5. Each spectrum was subtracted by the background spectrum, 
which is the QMA spectrum of the sample stub alone annealed at that temperature. 
The background contained mainly H2O and N2-related peaks. 
After the UV/O3-HF treatment, the InP surface was found to be only slightly 
richer in indium. Calculations, using the calibrated transmission function and the 
elastic mean-free path of P and In estimated by TTP-2 equations, give ln/P ratios 
comparable to both the experimental values and the values obtained from simulations 
based on 400 alternating In and P(100) layers with In as the topmost layer. Since a 
diffused InP (1 x 1) LEED pattem at an incident electron beam energy of 60eV was 
observed on such an InP surface, some ordering was present on the surface before the 
polysulfide passivation. A possible surface model is depicted in Fig. 4.6(a). The 
surface consists of In-terminated regions with hydrogen atoms fulfilling the dangling 
bonds, P-terminated regions, and disordered regions. 
The XPS spectra of In 3d5/2, P 2p and S 2p taken immediately after gas-phase 
polysulfide passivation were shown in Fig. 4.2(a), 4.3(a) and 4.4(a) respectively. The 
presence of S-components in both In 3d and P 2p were observed. Also, for the S 2p 
region, two sulfide components at 160.5 eV and 161.5 eV could be resolved and were 
assigned as the strongly-adsorbed and weakly-adsorbed sulfide respectively. After the 
polysulfide treatment, the stronger S-In bonds replaced the weaker H-In bonds, 
resulting in the surface that is depicted in Fig. 4.6(b). The XPS intensity ratios ofP : 
In, strongly-adsorbed S : weakly-adsorbed S, and the thickness of the sulfide layer of 
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Quadrupole Mass Analysis 
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InP(100) samples ~ ~ 
with gas-phase polysulfide exposure with HF 
etching only 
Atomic concentration ratios 
P2p:In3d ~~Strongly / ~ ~ S u l f i d e ~ ~ P 2p : In 3d~~" 
Weakly thickness 
adsorbed S (A) 
At room OM 0 ^ L4 0.88 
temperature 
After annealing ^ L2 L3 ^ 
at 200"C 
After annealing ^ No weakly 1.2 0.79 
at 400�C adsorbed S 
After annealing 0.75 - 0 0.54 
at 450°C 
Table 4.1. The compositions of a polysulfide-treated and HF-etched InP samples 
with different annealing temperatures. 
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sulfur atom bridges two In atoms, the formation of a more ordered surface structure is 
favored. Consequently, a sharper (1 x 1) LEED pattern was observed. In addition to 
the ordered In-terminated regions, the P-terminated or disordered regions also reacted 
with the sulfide to give the weakly adsorbed sulfide species. The details ofthe bonding 
between the sulfide and phosphorus species are not yet clear. 
4.2.2 Further annealing of the gas-phase polysulfide-treated surface 
When the sample was annealed to 200�C，the S-P component in the XPS P 2p 
signal increase slightly [Fig. 4.3(b)], the XPS intensity ratio of strongly-adsorbed 
sulfide to weakly-adsorbed sulfide nearly doubled [Fig. 4.4(b)], and the (1 x 1) LEED 
pattem became sharper. At the same time, the total sulfide content on the surface 
remained unchanged, therefore an appreciable amount of sulfide might have bonded to 
In on the surface. These observations can be interpreted as the partial conversions of 
the disordered region into the S-P and the S-In regions, respectively. The latter 
conversion is predominant because S-In is much more stable than S-P 
thermodynamically [1]，and the sharper LEED pattem corresponds to an enlargement 
of the highly ordered S-In region. 
Further annealing at 300°C started the desorption of some weakly bonded 
sulfur and hydrogen atoms which possibly originated from the weakly bonded sulfide 
species with H-S bonds [Fig. 4.5(a)]. Again the removal of these disordered species 
increased the size of the ordered S-In region and enhanced the sharpness of the (1 x 1) 
LEED pattem. 
The anneal at 400�C caused the desorption of the S and P species \¥ig. 4.5(b)] 
and was replaced by the ordered S-In region, as illustrated in Fig. 4.6(c). After the 
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completion ofthe S-P desorption, the sharpest (1 x 1) LEED pattem was obtained and 
only one single-sulfide peak was observed in the XPS S 2p spectrum [Fig. 4.4(c): 
Further annealing at 450�C started to break the S-In bond and greatly reduced 
the sulfide content at the surface. A transient (2 x 1) LEED pattem was observed, 
which may be interpreted as the dimerization of In upon the desorption of sulfide. 
The P-S component in the P 2p region disappeared [Fig. 4.3(d)] and no S was 
observed on the surface [Fig. 4.4(d)]. Due to the removal of the surface S-In bonds， 
the P atoms at inner layer were somewhat destabilized. In this case, the desorption of 
P occurred and a sudden appearance of P-related peaks (amu=31 and 6Z) were 
observed in the QMA [Fig. 4.6(c)]. Prolonged annealing at this temperature resulted 
in the appearance ofIn droplets, and an In peak at the lower binding energy side of the 
semiconductor In peak in the In 3d 5/2 spectrum. 
4.2.3 Comparison with the UV/Oj-HF treatment 
Similar experiments were performed on surface which had undergone the 
UV/O3-HF treatment alone, and the results are compared to those from the 
polysulfide-treated surfaces. In particular, the XPS intensity ratio of PAn are given in 
Table 4.1. It can be seen that there was a much higher P loss on the surface without 
sulfide passivation. This suggests that the presence of sulfide not only stabilizes the 
surface against any excessive P desorption but also assists reordering of the InP(100) 
surface. In contrast to the polysulfide treatment, the UV/O3-HF treatment resulted in 
surfaces which only gave a diffused (1 x 1) LEED pattem, the sharpness of which did 
not improve with annealing. Apparently, the presence of surface sulfide and their 
subsequent chemical rearrangements upon annealing are effective in lowering the 
i 
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surface randomness (i.e., surface defect density) on InP. In addition, while strong P-
related desorption peaks (amu=31 and 62) were observed from polysulfide-treated 
surfaces at an annealing temperature of 450�C，they were seen at 400�C for the 
samples that were only treated with UV/O3 and HF. Thus, sulfide also resisted the loss 
ofP at the InP surface during annealing. 
4.2.4 Sulfide at the interface of SiN^AnP 
From the XPS study of interfacial sulfur by Kwok et a/.[74], the reduction of 
interface state density at the SiNx/InP interface was found to correlate with the surface 
reordering upon annealing. In their study, the InP sample was treated with UV/O3-HF 
etch, and followed by the gas-phase polysulfide passivation. The treated sample was 
then annealed to 300�C for 10 minutes to desorb any loosely bound species prior to the 
dielectric deposition. Silicon nitride (SiNx) was then deposited onto the sample using a 
remote plasma chemical vapour deposition (RPCVD). The sample was then cleaved 
into four pieces. Three of the four samples were annealed for 15 minutes each at 500, 
600 and 700�C，respectively. The XPS spectra of these four samples are shown in 
Figs. 4.7 and 4.8. The compositions of the polysulfide-treated SiNxAnP samples with 
different annealing temperatures are shown in Table 4.2. The total sulfide content was 
more or less constant during each of the four different annealing temperatures. 
However, the phosphorus content was reduced (Table 4.2). For the 500�C annealing, 
the S 2p spectrum of the interfacial sulfur was found to be similar to that of the surface 
sulfide upon annealing, and sulfide-assisted reordering was suggested to be also 
present at the SiNx/InP sample. The C-V measurement of such a reordered InP surface 
also showed a reduction ofinterface state densities. 
i 
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Fig. 4.7 XPS spectra of a gas-phase polysulfide-treated SiN^AnP sample 















































































































































































































































































































































































































































































































































































































temperature No anneal 500°C 600°C 700T 
S thickness (A) ^ ^ ^ ^ 
SiNxthickness (A) 43 44 40 40 
P / In ratio ^ 08 0.7 5 1 
Table 4.2. The compositions of the polysulfide-treated SiNxAnP samples with 






Further anneals at 600�C and 700�C，however, led to a drastic change of the 
interface chemistry. The phosphorus loss resulted in an indium-rich InP surface and 
the excess indium atoms might be bonded to the interfacial sulfur atoms or the SiNx. 
This resulted in a destruction of the passivated InP surface and an increase in the 
interface state densities as reported previously [52:. 
Since the phosphorous concentration at the SiNxAnP interface decreased after 
annealing at 600 and 700�C while the sulfur content remained unchanged, it may be 
concluded that the S-In bonding was stronger than the P-In bonding of the InP 
semiconductor. This comparison of bond strengths is also supported by the 
thermodynamics data of the enthalpies of formation of InP (-1.2kJ/mol), InS (-
33kJ/mol) and In2S3 (-102kJ/mol) [1]. Such a strong S-In bond can thus prevent the 
InP surface from losing phosphorus during annealing and dielectric deposition [50]. 
The strength of the S-In bond implies that the energy level of the antibonding orbital of 
the S-In sigma bond is well above that of the CBM of InP. Hence, the sulfide 
passivation moves away the gap states, resulting in the reduction of surface states. 
4.3 Conclusions 
I 
The annealing of the gas-phase polysulfide-passivated InP surface gave a more 
ordered InP surface. XPS analyses showed that during the structural changes, the 
multiple sulfide species on the as-exposed surface were converted to a single, relatively 
stable, S-In species as a result of appropriate annealing. Also, the increase in the 
sharpness of the (1 x 1) LEED pattem suggests the ordering of the surface during 
annealing. Similar chemical changes were also observed by XPS at the SiNxAnP 
interfaces with annealing. Since the reduction in the interface states was observed on 
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the SiNxAnP samples with the same annealing treatment, a clear correlation between 
the interface state reduction and an ordered InP surface can be made. Therefore, 
besides the prevention of the native-oxide formation and the protection of the surface 
during annealing or dielectric deposition, sulfur plays an additional role in the InP(100) 
surface passivation, i.e. assisting the reordering of the surface. 
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Chapter 5 
Gas-phase polysulfide passivation of the GaAs(100) surface 
5.1 Introduction 
There has been considerable interest in reducing surface state density and 
surface recombination velocity on GaAs surfaces. The origin of these undesirable 
characteristics may be related to the existence of an oxide layer [8’ 91], the disorder of 
the surface layer [12-14] and the reconstruction of the surface layer [17]. A wide 
range of sulfur-based chemicals [19，20, 24，25, 55] have been utilized in various 
passivation methods to reduce the surface state density. Although most of the 
passivation techniques have been shown to improve the electrical properties of GaAs 
and increase the PL intensity, the mechanism involved in the passivation process is still 
controversial. In order to design more effective passivation techniques, it is essential 
to have a better understanding of the mechanism involved in the reaction between the 
sulfide species and the GaAs surface. In particular, the identities of S-related species 
and their evolution upon heating, and the role of S in the formation of transient surface 
structures should be investigated in detail. 
Solution-phase treatment of the surface using sulfide solutions such as CNH4)2S 
[55, 58, 61，92, 93] and O^)2Sx [23，57, 60，62, 67]，have been well studied and their 
functions in removing the surface native oxides, protecting the surface and improving 
the surface electrical properties are well recognized. A major drawback of these 
treatments is that excess sulfides may form tiny precipitates on the GaAs surface, 
which will cause dielectric break-down upon the deposition of an insulator layer for 
！ 
further fabrication. Although rinsing the sample with water may get rid of the excess 
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sulfide precipitates, the process may re-introduce native oxides on the surface, leading 
to a substantial decrease in the PL intensity. In any case, the sulfide solution treated 
GaAs surface usually contains contaminants, such as water and methanol [11]，which 
inevitably lead to oxide formation on the GaAs surface. Therefore, in the present 
study, a gas-phase polysulfide passivation [74] inside a N2 glove box was adopted 
instead of the conventional sulfide solution treatments. A major advantage ofthe gas-
phase polysulfide passivation process is that a carbon- and oxygen-free surface with 
homogeneous coverage of sulfide can be easily obtained. Furthermore, the reaction is 
confined to adsorption, which, in principle, is less complicated than the dissolution / 
etching steps involved in the solution-phase treatments. 
Li the present study, the surface chemistry of the GaAs(100) surfaces immediately 
after gas-phase polysub5de passivation and subsequent anneaUng were studied by in situ 
XPS and LEED. The simulated results based on proposed surface structural models were 
compared to experimental results at different stages. The surface chemistry of GaAs(100) 
surface after UV/O3-HF treatment and further anneaUng was also studied in order to 
compare the roles ofH and S on the surface. 
5.2 Gas-phase polysulfide-passivated GaAs(100) surface 
5.2.1 Surface structure of the as-treated surface 
A typical XPS survey spectrum of polysulfide-treated GaAs is shown in Fig. 
5.1，which indicates the absence of oxygen, fluorine and carbon on the as-treated 
surface [94]. The XPS intensity ratio of As 3d / Ga 3d was close to 1. After the 
UV/O3-HF treatment, similarly, the As 3d / Ga 3d ratio of the GaAs surface was nearly 
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adventitious carbon, oxygen and fluorine were below the detectable minimum. No 
LEED pattem could be observed on both HF-treated or gas-phase polysulfide-treated 
GaAs(100) surface. 
Detailed XPS measurements were made accompanying LEED analysis in order 
to obtain the chemical information of the gas-phase polysulfide-treated surface. The S 
2s core level peak was measured instead of the S 2p because the latter overlaps with 
both the Ga 3s core level and Ga Auger peak (L2M45M45) . Fig. 5.2(a), 5.3(a) and 
5.4(a) show the Ga 3d，As 3d and S 2s spectra of the GaAs surface after the gas-phase 
polysulfide exposure respectively. The thickness of adsorbed sulfide at room 
temperature was calculated to be about one monolayer (Table 5.1) and this value was 
found to be independent of the exposure time and the gas flux. The S 2s region could 
be fitted by two components. Shoulders were found in both the Ga 3d and As 3d 
peaks. Comparing with the As 3d spectrum from the HF etched sample and that of the 
polysulfide-treated sample, the shoulder was attributed to the As-S component with a 
chemical shift of 1.2eV. The shift was smaller than the reported values of 1.5-1.8eV 
[19，23, 56, 60，61] and indicated that the polysulfide was weakly adsorbed on the 
surface. Similar to the results of Cowans et al [92], a slight broadening of the Ga 3d 
region was observed after the polysulfide treatment. This was attributed to the 
presence of Ga-S bonding on the surface. Again, the as-treated surface showed no 
LEED pattem, which indicates that the as-treated surface was disordered. A surface model 
consistent with these observation is constructed accordingly, and as shown in Fig. 5.5(a), 
which consists of disordered bonding and physisorbed regions. 
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Fig. 5.2 XPS Ga 3d spectra ofaUV/O3 and HF treated GaAs(100) sample 
just after (a) gas-phase polysulfide passivation, (b) annealing at 200�C, 
(c) annealing at 400�C and (d) annealing at 500�C. 
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Fig.5.3 XPS As 3d spectra of the same sample in Fig. 5.2 just after 
(a) gas-phase polysulfide passivation, (b) annealing at 200�C, 
(c) annealing at 400�C and (d) annealing at 500�C. 
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Fig. 5.4 S 2s spectra of the same sample in Fig. 5.2 just after 
(a) gas-phase polysulfide passivation, (b) annealing at 200�C， 
(c) annealing at 400"C and (d) annealing at 500�C. 
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GaAs(100) samples 
with gas-phase polysulfide exposure with HF 
etching only 
Atomic concentration ratios 
As3d S ^ ~Sulfide~~ As3d 
/ / thickness / 
Ga3d Ga3d (A) Ga3d 
At room ^ o H L3 ^ 
temperature 
After annealing 0 ^ 0 ^ 1.1 0.86 
at 200"C 
After annealing 0 ^ 0 ^ 0^ 0.79 
at 400T 
After annealing 0 ^ _ 0 0.52 
at 500°C 
Table 5.1. The atomic concentration ratios of As to Ga, S to Ga and the calculated 
S thickness of polysulfide-treated GaAs(100) sample and those of As to 
Ga ofHF-treated GaAs(100) sample. 
j 
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Fig. 5.5 (a) Surface model with disordered region of the gas-phase polysulfide 
passivated GaAs(100) surface, (b) Surface model with one monolayer of S 
bonding with Ga on the surface after annealing to 200�C which gives the (1 x 1) 
LEED pattern.(c) Surface model with half monolayer of S bonding with Ga 
rich surface after annealing to 400°C which gives the (2 x 1) LEED pattern. 
5.2.2 Surface structure after further annealing 
When the HF-treated sample was being annealed at 150T, the desorption of 
hydrogen was detected by the QMA. Apparently, only H species were present on this 
GaAs surface. In general, such a surface contains different types of hydrides of both 
Ga and As，plus atomic steps and defects all distributed in a random fashion. The lack 
of long range order on this GaAs(100) surface was confirmed by the absence of any 
observable LEED pattem, even when the annealing temperature was raised to 400�C. 
On the other hand，when the gas-phase polysulfide-treated surface was 
annealed to 200�C，a (1 x 1) LEED pattem was observed at a primary electron beam 
energy of 90.7eV. No obvious change was found on the spectra of Ga 3d, As 3d and 
S 2s as shown in Fig. 5.2(b), 5.3(b) and 5.4(b) respectively. That is, while both the 
atomic concentration ratios of S 2s / Ga 3d and As 3d / Ga 3d remained unchanged 
upon annealing (Table 5.1), the disordered surface evolved into one with a certain 
degree of long-range order. The formation of a surface structure which gave the same 
(1 X 1) LEED pattem using sulfide solution treatments has previously been reported 
[23，58, 61，62, 67]. Moreover, from the simulated XPS atomic concentration results 
shown in Table 5.2, the calculated values correlate with the experimental results (Table 
5.1). Therefore, adsorbed sulfide present on the GaAs(100) surface must have played 
an important role in reordering the surface atoms to form an ordered arrangement, 
when enough energy was provided by annealing. Fig. 5.5(b) shows the proposed 
surface model which consists of ordered (1 x 1) S-Ga terminated region. 
During further annealing of the sample, the desorption of the As atoms at the 
surface took place with the decrease of the atomic concentration ratio of As 3d / Ga 
3d. Meanwhile, the atomic concentration of S at the surface was also reduced. 
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S and As atoms desorbed from the surface during the annealing at 400°C. As a 
result, the As-S component of the As 3d disappeared [Fig. 5.3(c)] and with reference 
to the Ga 3d region, the S 2s region was assigned as the S-Ga component. Half 
monolayer of sulfide (�0.7 A) remained on the surface and gave the corresponding (2 
X 1) LEED pattem, which had been observed in many previous studies [55, 57，58]. 
Based on the lower thermal stability of As-S bond in comparison with that of Ga-S 
[93], it may be possible that the emergence of the (2 x 1) LEED pattem was caused by 
a serious loss of As atoms at the surface. From the simulation ofXPS results shown in 
Table 5.2, the experimental atomic concentration ratio of As 3d / Ga 3d (0.82, Table 
5.1) corresponded to the Ga-terminated surface with the loss of the first two layers of 
As. Therefore, the proposed surface model shown in Fig. 5.5(c) assumes S atoms 
sitting on the top of 2 Ga layers. This arrangement then gives the corresponding 2 x 1 
structure. 
After sequential annealing to 500°C, a transient (1 x 1) LEED pattem was 
observed, which might be interpreted as the formation of Ga clusters upon the 
desorption of sulfide. No sulfide was obtained in the S 2s region [Fig. 5.4(d)]. In 
addition, only one single component was found in both the Ga 3d and As 3d regions 
[Fig. 5.2(d) and 5.3(d)]. Due to the desorption of sulfide at that high temperature, the 





No. ofatoms in each unit cell at Calculated XPS atomic 
the first four layers concentration ratios 
Ga As S S 2s / Ga 3d~~"~~As 3d / Ga 3d~~ 
~~After 0 0 1 ^ ^ 
annealing 1 0 -
at 200°C 0 1 -
1 0 -
~ A f t e r 0 0 o l OM ^ 
annealing 1 0 -
at 400T 1 0 -
0 1 -
Table 5.2 The calculated XPS atomic concentration ratios of S to Ga and As to 
Ga with different Ga, As and S in the unit cell of the four layers. 
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5.2.3 Mechanism of the gas-phase polysulfide passivation 
According to the above results, the mechanism of the gas-phase polysulfide 
passivation of GaAs(100) surface during annealing is proposed to consist of three 
steps: adsorption, atomic rearrangement and desorption. 
The first step is the adsorption of sulfide species on the surface. The sulfide 
species replaced the hydrides and dimers of Ga and As at the surface. The interaction 
of the sulfide species with the surface in that case differed markedly from that of the 
solution treatments, where the surface reactions involved the etching process on the 
surface[24, 96]. In the gas-phase treatment, sulfide species adsorbed on the surface 
and formed weak bonds with the surface atoms. Thus，no observable change of atomic 
concentration ratio of As 3d / Ga 3d was found before and after the gas-phase 
polysulfide treatment. Owing to the weak bonding between surface atoms and a large 
proportion of disordered regions, no LEED pattem was observed. 
The second step is the rearrangement of surface atoms. After the surface had 
been annealed to 200°C, no obvious change of atomic concentration of S and As on 
the surface (Fig. 5.1) was found. In addition, a (1 x 1) LEED pattem was observed. 
Therefore, it is proposed that physisorbed sulfide rearranged and formed ordered 
bondings with Ga and As atoms on the surface. In other words, sulfide assisted 
reordering at the surface and gave the corresponding (1 x 1) surface structure. 
Finally, with the desorption of S and As atoms from the surface at an annealing 
temperature of 400°C, a thermally stable S-Ga terminated surface was obtained. The 
(1 X 1) structure reconstructed to a well-characterized (2 x 1) stable surface structure 
[58, 59]. The corresponding surface structure comprised the ordered bonding of S 




In comparison to the polysulfide treatment, the UV/O3 - HF treatment gave a 
disordered and less protected surface. No LEED pattem was obtained before and after 
annealing. Also, the serious loss of As from the surface during annealing (Table 5.1) 
indicates the less protective function of the HF-treated surface. Therefore, apart from 
assisting reordering at the GaAs surface, sulfide also protects the surface from the 
serious loss of As during annealing. 
5.3 Conclusions 
The advantages of the gas-phase polysulfide passivation of GaAs(100) surface 
in conjunction with the use of a N2 glove box include the uniform exposure of the 
surface to pure gas, resulting in ~1 monolayer of adsorbed sulfide, and the avoidance 
of carbon and oxygen contaminations, often incurred in solution-phase treatments. 
Annealing of the treated surface gave an ordered S-terminated GaAs surface. 
Different structural models have been proposed for the surface at the corresponding 
annealing temperatures. In contrast, when a GaAs(100) surface without sulfide 
passivation was subjected to similar annealings, the surface experienced an excessive 
loss of As and gave a disordered structure. Thus, we suggested that the sulfide not 
only assists reordering of the surface, but also protects the surface during annealing 
and further treatment. The improvement of the electrical properties of suIfide-
passivated GaAs(100) surface can also be related to the reordering of S on the GaAs 
surface during annealing. 
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Chapter 6 
Gas-phase polysulfide passivation of the GaAs(110) surface 
6.1 Introduction 
Although most of the devices based on GaAs are fabricated on the 
semiconductor's (100) surface, the (110) surface of GaAs is often incorporated into 
these devices as a key component that may critically affect the devices' performance 
[70，71]. Typical examples of these components include the laser facets and the 
sidewalls of the devices. The defect states on the laser facets will cause device 
degradation and a reduction in radiation intensity, and those on the sidewalls will 
degrade the device's performance in, for example, the transconductance of a transistor. 
It has been reported that better performance of many of these devices can be achieved 
by using GaAs(110) surfaces that have undergone sulfide passivation. Examples 
include a higher light output from heterostructure laser devices [9] and a reduction in 
the interface state density of MIS diodes [97, 98]. It was suggested that the 
improvement was due to the removal and the prevention of the reintroduction of native 
oxide on the active surface [9]. However, no such improvement was observed from 
devices incorporating silicon nitride passivated GaAs(110) surface which had been 
cleaved or HF-etched to remove native oxides [97]. This suggests thal the sulfide 
plays an additional role to the removal / prevention of oxide layer on the GaAs(110) 
surface. 
A cleaved GaAs(110) surface only undergoes a very minor reconstruction and 
gives a (1 x 1) LEED pattem [99, 100]. Intrinsic energy states do not exist inside the 
bandgap [101，102]. However, it is known, from the C-V measurements by Huang et 
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a/.[97], that the deposition of silicon nitride on cleaved GaAs(110) causes a relatively 
high interface state density, even though XPS analyses do not indicate any Ga-N and 
As-N bond formation. The presence of gap states after the silicon nitride deposition 
may be caused by intrinsic defects on the GaAs surface that destroy the original surface 
order of GaAs. Similarly, the GaAs (110) surface that has been subjected to an UV/O3 
and a HF cleaning process also has a disordered surface layer [97]. Thus, it seems that 
restoring and maintaining an ordered GaAs(l 10) surface hold the key in improving the 
electrical properties of GaAs surfaces, and in tum the performance of devices 
incorporating this surface as a component. In the present study, the reordering 
process of the polysulfide treated GaAs(110) surface was studied by LEED, XPS and 
thermal desorption. It was found that sulfide indeed assisted the reordering process at 
the GaAs(l 10) surface. 
6.2 Reordering at the gas-phase polysulfide-passivated GaAs(110) 
surface 
6.2.1 Adsorption of polysulfide on the GaAs(110) surface 
From the XPS survey spectrum of the gas-phase polysulfide-passivated GaAs(l 10) 
surface shown in Fig. 6.1 [103], it can be seen that the as-treated GaAs(l 10) surface had no 
observable oxygen and carbon contamination. The only species added to the GaAs(110) 
surface was subftir, with an amount of more or less one monolayer. 
For the samples treated with UV/O3 - HF treatment, no LEED pattem was 
observed in the electron beam energy range of 0-1000eV, although the As / Ga atomic 
concentration ratio was close to 1 and no oxygen was observed (Table 6.1). Therefore, it 
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Fig. 6.1 The XPS survey spectrum of a gas-phase polysulfide passivated GaAs(l 10) sample. 
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GaAs(l 10) samples 
with polysulfide exposure with HF etching 
only 
Atomic concentration ratios 
^ ~ A s 3 d ~ Sulfide As3d 
/ / Thickness / 
Ga3d Ga3d (A) Ga3d 
At room temp. 0A2 L ^ L49 ^ 
After heating to o I o ^ f l 9 0 ^ 
200°C 
After heating to 0 ^ OM T^I o7I 
400�C 
After heating to No sulfide 0.81 0 0.65 
600�C observed 
• — — ^ — — ^ — ^ ^ ^ g g ! I • • 
Table 6.1. The atomic concentration ratios of S to Ga, As to Ga and the calculated 
S thickness of polysulfide treated GaAs(l 10) sample and those of As to 
Ga ofHF treated GaAs(110) sample. The analysing samples were not 
moved during the annealing and XPS measurement. 
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can be inferred that such a surface had a high density ofintrinsic defects and the surface was 
essentiaUy disordered. After the appUcation of the gas-phase polysulfide treatment，the 
surface was covered by about 3/4 monolayer of suffide species. As shown in Fig. 6.2(a), 
6.3(a) and 6.4(a), the Ga 3d, As 3d and S 2s XPS spectra of the GaAs(110) surfacejust 
after gas-phase polysulfide passivation showed that both the Ga and As had some S-bonded 
components. Again the as-treated surface showed no LEED, which indicates that it was a 
disordered surface. 
After annealing at 200-300°C, the polysulfide-passivated samples showed a 
slight reduction in As/Ga and S/Ga ratios (Table 6.1). However, no desorption of S or 
As was detected by the QMA. From the XPS Ga 3d, As 3d and S 2s spectra shown in 
Fig. 6.2(b), 6.3(b) and 6.4(b) respectively, the component of S in Ga and As were 
found to be slightly reduced as a result of this annealing. Still, no LEED pattem was 
observed in the electron energy range of 0-1000eV. Hence, annealing at this low 
temperatures might have only caused migration of the sulfur atoms on the surface, 
which accounts for the small changes observed by XPS, but which did not lead to 
desorption of any surface species nor recovery of surface ordering. 
6.2.2 Ordered sulfide at the GaAs(110) surface 
A dramatic change occurred on further annealing at 400°C. The desorptions of 
H, S, HS, H2S, S2 and As were detected by the QMA [Fig. 6.5(a)]. It indicated the 
presence of hydrogen on the polysulfide-passivated surface which cannot be detected 
by XPS and many other techniques. The As-S component in the As 3d spectrum 
disappeared [Fig. 6.4(b)] and the As/Ga ratio was reduced to 0.88. Afler the 
completion of the S-As desorption, only one single sulfide peak (S-Ga) was observed 
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Fig. 6.2 XPS Ga 3d spectra of a UV/O3 and HF treated GaAs(l 10) sample 
just after (a) gas-phase polysulfide passivation, (b) annealing at 200T 
(c) annealing at 400�C and (d) annealing at 600T. 
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Fig. 6.3 XPS As 3d spectra of the same sample in Fig. 6.2 just after 
(a) gas-phase polysulfide passivation, (b) annealing at 200°C, 
(c) annealing at 400°C and (d) annealing at 600T. 
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Fig. 6.4 XPS S2s spectra of the same sample in Fig. 6.2 just after 
(a) gas-phase polysulfide passivation, (b) annealing at 200°C, 
(c) amiealing at 400"C and (d) annealing at 600�C. 
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Quadrupole Mass Analysis 
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Fig. 6.5 The QMA spectra during the annealing of a polysulfide-
treated GaAs(110) sample (a) at 400�C and (b) at 600°C. 
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in the XPS S 2s spectrum [Fig. 6.4(c)]. An oblique LEED pattem [Fig. 6.6(a)] was 
observed at an electron energy below 70eV. The results thus show that annealing at 
this temperature drove away most of the excessive and unstable surface species, 
leaving behind the most stable phase (S-Ga) with a half-monolayer coverage. At the 
same time, the annealing provided enough thermal energy to effect surface diffusion 
that resulted in a long-range order on the resultant surface. 
When the sample was further annealed to 600�C’ a sharp rectangular LEED 
pattem was obtained [Fig. 6.6(b)]. No S signal was observed in the XPS spectrum 
[Fig. 6.4(d)] and the surface became more Ga rich (Table 6.1) with the strong 
desorption of As from the sample [Fig. 6.5(b)]. This indicates that annealing at this 
temperature caused further desorption of As and Ga-S species. The surface had no 
more sulfur atoms and, because of the depletion in As due to the previous desorption, 
the surface was quite different from a cleaved GaAs(l 10) surface. However, this Ga-
rich surface did have a long-range order, the arrival of which must have been driven by 
surface thermal diffusion upon the desorption of As and Ga-S. 
In comparison, when the same annealing treatment at 600T was applied to 
UV/O3-HF treated samples, no LEED pattem was observed from the annealed 
surfaces. Another major difference between annealing of GaAs with and without 
sulfide passivation is that there was a higher As loss on the surfaces without sulfide 
passivation (Table 6.1). This suggests that the presence of sulfide on the one hand 
stabilizes the surface against any excessive As desorption, and, on the other hand, 
serves as the agent bringing the surface Ga and As atoms in place, resulting in the 
reordering of the GaAs(l 10) surface. Furthermore, the sharpness of the LEED pattem 
was found to correlate well with the amount of sulfide on the surface, a parameter that 
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After annealing at 400^C 
a n 
bicident energy 70 eV 
After annealing at 600�C 
• 
(b) m ^ m n ^ m ^ 
• 
Incident energy 70 eV 
Fig. 6.6 (a) The oblique LEED pattem from the treated 
sample after annealed to 400�C and (b) the rectangular LEED pattem 
from the treated sample after annealed to 600T. 
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could be controlled by the dosing time. A more diffused LEED pattern resulted for 
sulfur coverage of less than an equivalent of 3/4 monolayer. Similar phenomena of 
sulfide-assisted reordering and protection against P loss on the InP surface were 
reported by Kwok et al. (Chapter 4) [68]. 
6.2.3 Further analysis of the LEED pattern 
Some simple models for the surface structure can be constructed which should 
yield the observed LEED pattems and the appropriate elemental composition near the 
surface region as determined by XPS. The proposed real-space unit cells 
corresponding to the oblique and the rectangular LEED patterns are shown in Figs. 
6.7(a) and 6.7(b). The sizes of the respective unit cells are twice that of the bulk GaAs 
(110) unit cell [Fig. 6.7(c)]. The rectangular LEED pattem generated by annealing the 
sulfide-passivated GaAs (110) at 600°C corresponds to a (2 x 1) surface structure 
relative to the unreconstructed (110) lattice. The elemental composition near the 
surface for this model was calculated according to Section (2.2.3.3). 200 GaAs (110) 
atomic layer slabs were used to represent the sample's surface region. As usual, the 
XPS intensities from each layer are attenuated by the layers above. For the surface 
annealed to 400�C，the unit cell of the top layer is assumed to include three Ga atoms 
and two S atoms, with all other layers remain unchanged, both the calculated XPS 
S/Ga and As/Ga ratios agree with the experimental ratios (Table 6.2). This model can 
be visualized as two adjacent unit cells of the bulk GaAs (110) plane joined together, 
with the two As atoms being replaced by two S atoms and an extra Ga atom added to 
the enlarged unit cell. For the sample annealed to 600�C, the experimental XPS 
intensity ratio of the As/Ga suggests that the top layer consists of all Ga atoms [4 Ga 
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Fig. 6.1 Calculated real-space unit cells of the (a) the oblique 
LEED pattem and (b) the rectangular LEED pattem. (c) the dimensions 
of the two unit cells of the bulk GaAs(110) plane. 
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1^^^^^^= = ^ ^ ^ ^ ^ = ^ ^ = ^ ^ ^ ^ ^ ^ = ^ ^ ^ = I = ^ ^ ^ ^ = = ^ ^ ^ = ^ = ^ = ^ ^ = ^ = ^ = 
No. of atoms in each unit cell at the first layer Calculated XPS atomic 
[2 unit cells of GaAs(l 10) plane] concentration ratios 
^ As S S2s/Ga3d As3d/Ga3d 
3 0 2 0.066 0 ^ 
4 0 - — 0 ^ 
Table 6.2 The calculated XPS atomic concentration ratios of S to Ga and As to 
Ga with different Ga, As and S in the unit cell of the first layer. 
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atoms in the unit cell that showed (2 x 1) LEED pattem] and all layers beneath remain 
unchanged (Table 6.2). 
6.3 Conclusions 
The annealing of the gas-phase polysulfide-passivated GaAs(l 10) surface led to 
a more ordered surface structure. As a result of appropriate annealing at 400�C，the 
multiple sulfide species on the as-treated surface were converted to a single, relatively 
stable, Ga-S structure that gave a well-defined LEED pattern. Further annealing to 
600°C led to a S-free GaAs surface having an ordered structure with a (2 x 1) 
relationship to the unreconstructed GaAs(110) surface structure. When GaAs(110) 
surfaces with no sulfide passivation were subjected to these annealing process, surfaces 
with an excessive As loss and a disordered structure were obtained. It is very likely 
that the observed sulfide-assisted surface reordering is a key in improving the electrical 
properties of GaAs(l 10) surface. 
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Chapter 7 
Sulfide solution passivation of the GaAs(110) surface 
7.1 Introduction 
The gas-phase treatment of the GaAs(l 10) surface is confined to adsorption or 
diffusion on the dry surface, whereas the solution-phase treatment inevitably involves 
dissolution / etching steps. Thus, the reaction mechanisms in both gas- and solution-
phase treatments are expected to be different. It has been reported that better 
performance of GaAs(110) surface based laser devices can be achieved by sulfide 
solution passivation of the respective surface [9]. The surface structure of sulfide 
solution-treated surfaces has not been elucidated yet. 
In order to correlate the surface structure with the improvement of the 
electrical properties and investigate the effect of different types of sulfide passivation 
on the surface structure of GaAs(l 10) surface, sulfide solution passivation was carried 
out for comparison in the present study. The treated samples were studied by in-situ 
XPS and LEED. 
In this study, ammonium sulfide [O f^fl4)2S] solution was used to passivate the 
GaAs(l 10) surfaces. After the sample had been treated with the UV/O3-HF treatment 
and blown dry by flowing N2, it was immersed in the sulfide solution at 65°C for 15 
minutes. The sample was then rinsed by deionized water for about 30 seconds in air. 
The sample was transferred into the N2 glove box. Inside the N2 glove box，the sample 
was first rinsed by deionized water, blown dry under N2 and finally transferred into the 
UHV system directly under N2 for further analysis. The exact procedure was repeated, 
except that the sulfide solution was kept at room temperature. The two procedures 
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will be referred to as the heated sulfide solution and sulfide solution treatment, 
respectively. Finally, the sample was also treated with UV/O3 and HF only (named as 
UV/O3-HF treatment) for comparison. 
7.2 Sulfide solution passivation on the GaAs(110) surface 
7.2.1 Etching of sulfide solution on the GaAs(110) surface 
For the gas-phase polysulfide-passivated surfaces examined in Chapter 5 to 7, 
the as-treated surface showed no observable oxygen and carbon contamination. The 
cleanliness of the surface was attributed to the use of N2 glove box during the gas-
phase treatment of the sample. Without the N2 box，a relatively high amount of carbon 
and oxygen are always observed on the surface treated by sulfide solution or gas-phase 
sulfide in air [25]. However, we could not avoid a small amount of C and 0 on the 
GaAs(110) surface treated with sulfide solution even with a N2 glove box. An XPS 
survey spectrum of such a sample is shown in Fig. 7.1 [104]. From the above, it can 
be concluded that a clean sulfide-treated surface could only be obtained with the use of 
gas-phase treatment in N2 glove box. 
In order to obtain more accurate results on the atomic concentration ratios of 
S 2s to Ga 3d and As 3d to Ga 3d, the analyzed samples were fixed in the same 
position during the annealing and XPS measurement. For both the sulfide solution 
treatments, the ratios of As 3d to Ga 3d obtained were close to 0.8. However, the 
corresponding ratio obtained for the gas-phase treatment was close to 1 [Fig. 6.1]. 
The large substantial difference in these ratios accounts for the different mechanisms 
involved in the gas- and solution-phase treatments. The gas-phase treatment is a 
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Fig. 7.1 The XPS survey spectrum of sulfide solution-passivated GaAs(110) surface. 
86 
g = g g ™ ^ = = ^ " ^ - " - ^ l - ^ ^ ^ — — — ^ ― — ^ — — — ^ ^ ^ ^ ^ — ^ ^ — ^ ^ — ^ — ^ ^ ^ g g g j = = ^ = = ^ ^ ^ = ^ ^ ^ = 
GaAs(l 10) samples 
with sulfide solution treatment with HF 
etching only 
Atomic concentration ratios 
S ^ As3d Sulfide As3d 
/ / Thickness / 
Ga3d Ga3d (A) Ga3d 
At room temp. ^ 0 ^ 1.26 0.98 
After heating to 0 ^ ^ L20 0 ^ 
200T 
After heating to 0 ^ ^ L02 0 ^ 
400�C 
After heating to ^ 0 ^ T55 ^ 
600�C 
Table 7.1. The atomic concentration ratios of S to Ga, As to Ga and the calculated 
S thickness of sulfide solution treated GaAs(110) sample and those of 
As to Ga ofHF treated GaAs(110) sample. The analysing samples 
were not moved during the annealing and XPS measurement. 
87 
In contrast, a vigorous reaction is involved in the solution-phase treatment where 
surface As atoms are readily etched out from the surfaces. The large difference of the 
atomic concentration ratios of As 3d / Ga 3d supports the above idea. 
Fig. 7.2(a), 7.3(a) and 7.4(a) show the XPS spectra o fGa 3d, As 3d and S 2s 
region just after the solution treatment respectively. A diffused LEED pattern was 
obtained from the surfaces treated with both the heated sulfide and the room 
temperature sulfide solution, even before any annealing was applied. From the As 3d 
region, it can be observed that the As-S component [Fig. 7.3(a)] was smaller than that 
of the gas-phase polysulfide-treated surface [Fig. 6.3(a)]. Consequently, it resulted in 
a stronger and more ordered bonding with the surface compared to that with gas-phase 
treated surface. Since both solution treatments (at 65°C and room temperature) were 
found to yield similar results on the GaAs(l 10) surface, they will simply be referred to 
as a general solution treatment in the following discussions. 
7.2.2 Annealing of sulfide solution-passivated GaAs(110) surface 
The surface composition and surface structure for sulfide solution-passivated 
GaAs(110) surface were changed by annealing. For the samples treated by sulfide 
solutions，the sharpness of the LEED pattem was enhanced by subsequent annealing in 
the temperature range of 200-600�C, which was accompanied by the desorption of 
sulfide from the surface (Table 7.1). The sharpest oblique LEED pattem [Fig. 7.5(a)] 
was obtained at 400�C. The dimension of the unit cell, as deduced from LEED 
pattem, was found to be close to that of the gas-phase polysulfide-passivated surface. 
At that moment, the S 2s spectrum of the sulfide species on the surface can only be 
fitted with one component [Fig. 7.4(c)], and the amount of which is about half 
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Fig. 7.2 XPS Ga 3d spectra of a UV/0, and HF treated GaAs(110) 
sample just after (a) sxdfide solution passivation, (b) annealing at 200�C， 
(c) annealing at 400�C and (d) annealing at 600�C 
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Fig. 7.3 XPS As 3d spectra of the same sample in Fig. 7.2 just 
after (a) sulfide solution passivation, (b) annealing at 200°C 
(c) annealing at 400�C and (d) annealing at 600�C. 
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Fig. 7.4 XPS S 2s spectra of the same sample in Fig. 7.2 just 
after (a) sulfide solution passivation, (b) annealing at 200°C, 
(c) annealing at 400°C and (d) annealing at 600^C. 
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monolayer. The As-S component in the As 3d region [Fig. 7.3(c)] had totally 
desorbed. The half monolayer of sulfide bonded to Ga atoms [Fig. 7.2(c)] gave rise to 
the oblique LEED pattem. However, the atomic concentration ratio of As 3d / Ga 3d 
[0.79，Table(7.10)] was smaller than those of gas-phase polysulfide-passivated surface 
0.88，Table(6.1)]. This indicates that, upon annealing, there was a more serious loss 
of As atoms from the surface treated with sulfide solution. In other words, after the 
solution treatment, sulfide bonded to a more Ga-rich substrate. 
Unlike the gas-phase treatment, the oblique LEED pattem did not change into 
the rectangular one after the sample had been annealed to 600°C. Even after the 
sample had been annealed at 600°C for an hour，there was only a slight desorption of S 
(Table 7.1) and the oblique LEED pattem remained unchanged [Fig. 7.5(b)]. Since, 
the atomic arrangement in the top few layers of sulfide solution- and gas-phase 
polysulfide-treated GaAs(110) surface were different, the extent of annealing effect on 
both surfaces was therefore expected to be different. It should not be surprising that 
different LEED patterns could be obtained from the same surface when it was 
subjected to different kinds of treatments. In short, the surface passivation of 
GaAs(110) surface by gas-phase and solution-phase treatments and subsequent 
annealing proceeded via rather different mechanisms 
7.2.3 Further analysis of the LEED pattern 
Since sulfide solution treatment involves vigorous etching process on the 
surface, a non-uniform arrangement of surface atoms is generally expected. In other 
words, some parts of the surface may be more Ga-rich than others. In view of the 
complexity of the resultant surface, it would be unavailing in proposing any simple 
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Incident energy 70 eV Fig. 7.5 (a) The oblique LEED patt m from the solution sulfide treated sample after ann aled o 400�C and (b) the blique LEEDpattem from the treated sam le after ann al d t  600°C.
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No. of atoms in each unit cell at Calculated XPS atomic 
the first and second layer concentration ratios 
[2 unit cells of GaAs( 110) plane] 
S ^ As 3d 
Ga As S / / 
Ga 3d Ga 3d 
3 0 2 0.066 ^ 
2 2 0 
4 0 2 0.075 0 ^ 
2 2 0 
4 0 2 0.073 ^ 
3 1 0 
3 0 2 0.075 ^ 
3 1 0 
4 0 " 二 0.84 
2 2 
= ^ = : ^ ^ = ^ = ^ = ^ ^ = = ^ = ^ ^ ^ ^ ^ = ^ = ^ ^ ^ ^ = = = = = = = ^ = ^ ^ = = = = = = = == 
Table 7.2 The calculated XPS atomic concentration ratios of S to Ga and As to 
Ga with different Ga, As and S in the unit cell of the first and second 
layer. 
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surface structural models based on a comparison of simulated and experimental atomic 
concentration ratios’ as was done in the case of gas-phase treatment. In any case, a list 
of possible combinations of the top few layers, and their respective calculated XPS 
atomic concentration ratios is shown in Table 7.2 for reference. 
7.2.4 Shift of XPS peak position during annealing 
Apart from the reordering at the sulfide-treated surface, a shift of XPS peak 
position during annealing was also observed. Table 7.3 shows the XPS peak positions 
of Ga 3d and As 3d of the gas- and solution-phase sulfide-passivated surfaces during 
annealing. For all the treatments, there was a shift of peak position to a higher binding 
energy side during annealing. The shift of the As 3d position was largest when the 
sample had been annealed to 400�C and the range was about 0.2eV. However, there 
was a shift back to the lower binding energy side when the sample was further 
annealed to 600°C. The upward and downward shifts of the binding energy occurred 
in all three different sulfide treatments. Although detailed mechanisms to explain the 
peak shift is not available, it does imply that the surface Fermi Level pinning can be 
released by sulfide passivation. In other words, surface states of GaAs(110) surface 
may be reduced after sulfide passivation. Similar phenomenon was observed on the 
polysulfide-passivated p-InP(100) with strong type-inversion [50]. It was also 
reported that both gas- and solution-phase of sulfide passivation improved the C-V 
results of the sulfide-treated GaAs(110) surfaces-based MIS capacitors much more 
significantly than those with HF etching [97，98]. Thus, treatment of GaAs(110) 
surfaces with ammonium sulfide solution or gas-phase hydrogen polysulfides led to a 
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binding energy during annealing and the improvement of electrical properties of 
the capacitors. 
7.3 Conclusions 
The surface chemistry of GaAs(110) surface passivated with gas-phase 
polysulfide and sulfide solution followed by annealing has been investigated using in-
situ XPS and LEED. The reaction mechanisms in gas- and solution-phase sulfide 
treatments were found to be different. It can be concluded that annealing of the gas-
phase polysulfide-passivated GaAs(l 10) surface led to a more ordered surface 
structure. As a result of appropriate annealing at 400°C, the multiple sulfide species on 
the as-treated surface were converted to a single，relatively stable, Ga-S structure 
which gave a well-defined LEED pattem. Further annealing at 600�C led to a S-free 
GaAs surface having an ordered structure with a (2 x 1) relationship to the 
unreconstructed GaAs(110) surface structure. On the other hand, solution sulfide-
treated GaAs(110) surface had more ordered S-Ga terminated surface and gave a 
sharp oblique LEED pattem when it was annealed to 400°C. However, the oblique 
LEED pattern, unlike the one obtained in the gas-phase treatment, remained 
unchanged after being annealed to 600°C. For the solution treatment, sulfide bonded 
to a more Ga-rich surface than those treated with gas-phase polysulfide. The 
dissimilarity ofthe LEED patterns obtained from GaAs(l 10) surfaces treated with gas-
phase and solution-phase sulfides can easily be explained by the vastly different 
mechanisms employed in each case. 
When annealing was applied to GaAs(l 10) surfaces with no sulfide passivation, 
the surfaces experienced an excessive As loss and resulted in a disordered structure. 
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Thus, the presence of sulfide assisted the surface reordering. Since an ordered surface 
suggested the energy state in a narrow energy range and since the strong S-Ga bond 
has energy states outside the bandgap [53], a reduction in surface state density and an 
improvement in electrical properties can be achieved. 
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Chapter 8 
Conclusions and further work 
8.1 Conclusions 
Sulfide-assisted reordering at the InP and GaAs surfaces was observed. To 
summarize: 
(1) Just after the UV/O3 and HF process, a hydrogen-terminated surface is 
obtained. Although the surface is free of carbon and oxygen contamination, 
some group III or V elements have disordered bondings with the surface. This 
disordered structure creates surfaces states in the bandgap ofInP and GaAs. 
(2) After the gas-phase polysulfide passivation, sulfides adsorb on the surface. S 
atoms form stronger bonds with the surface atoms and the hydrogen-
terminated region is eventually replaced S-terminated one. Both strongly and 
weakly adsorbed sulfides are observed and the sulfide-bonded surface is still 
not in good order. However, some of the surface states are removed and the 
electrical properties of the surface are slightly improved. 
(3) After appropriate annealing of the gas-phase polysulfide-passivated surface, 
sulfide reorders on the surface and an ordered and stable S-terminated surface 
is obtained after the desorption of some weakly bonded sulfides and Group V 
elements. This ordered bonding (S-In or S-Ga) removes the surface states out 
of the bandgap and improves the electrical properties of the respective surface 
eventually. 
(4) After further annealing of the treated surface, sulfides are totally desorbed from 
the surface resulting in a surface mainly terminated with Group III element. 
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(5) An InP or GaAs surface treated with UV/O3 and HF alone suffers a serious loss 
of Group V element from the hydrogen-terminated surface upon annealing. 
However, this phenomenon is not observed on a sulfide-treated surface. 
Sulfide must be paramount in protecting against the serious loss of surface 
atoms. 
(6) Etching and dissolution steps are involved in the sulfide solution passivation 
process. Whereas mainly adsorption and diffusion steps are involved in the 
gas-phase treatment. These vastly dissimilar mechanisms naturally lead to 
different atomic concentrations and arrangements on the resultant surfaces 
To conclude, gas-phase polysulfide plays three major roles in the surface passivation of 
InP and GaAs surfaces: assisting the reordering; preventing the formation of native-
oxide formation; and protecting against the serious loss of surface atoms during further 
annealing or dielectric deposition. 
8.2 Further work 
All the above results indicate that sulfide-assisted reordering at the InP and 
GaAs surfaces and these ordered structures improve the surface electrical properties. 
In order to further understand the correlation between the surface structure and the 
improvement of the electrical properties, the following studies should be carried out: 
(1) Although an ordered sulfide-terminated GaAs(l 10) surface was obtained after 
sulfide treatment and further annealing, the detail surface structure is still 
unclear. It is meaningful to determine the surface structure of gas- and 
solution-phase sulfide-passivated GaAs(110) surface giving the oblique LEED 
pattem by LEED I-V curve. 
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(2) In order to compare the reaction mechanisms involved in the gas-phase and 
solution-phase sulfide passivations on the surfaces, STM will be used to study 
the surface morphologies of the surfaces treated by different methods. 
(3) The improvement of the electrical properties of the device fabricated from 
sulfide-treated surfaces depends on the surface roughness and chemical 
structure of these surfaces. The above factors on the surfaces treated by 
different methods will be studied in order to find the best sulfide-treated surface 
for device fabrication. 
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